Microbial sulfate reduction (SR) by sulfate-reducing micro-organisms (SRM) is a primary environmental mechanism of anaerobic organic matter mineralization, and as such influences carbon and sulfur cycling in many natural and engineered environments. In industrial systems, SR results in the generation of hydrogen sulfide, a toxic, corrosive gas with adverse human health effects and significant economic and environmental consequences. Therefore, there has been considerable interest in developing strategies for mitigating hydrogen sulfide production, and several specific inhibitors of SRM have been identified and characterized. Specific inhibitors are compounds that disrupt the metabolism of one group of organisms, with little or no effect on the rest of the community. Putative specific inhibitors of SRM have been used to control sulfidogenesis in industrial and engineered systems. Despite the value of these inhibitors, mechanistic and quantitative studies into the molecular mechanisms of their inhibition have been sparse and unsystematic. The insight garnered by such studies is essential if we are to have a more complete understanding of SR, including the past and current selective pressures acting upon it. Furthermore, the ability to reliably control sulfidogenesis -and potentially assimilatory sulfate pathways -relies on a thorough molecular understanding of inhibition. The scope of this review is to summarize the current state of the field: how we measure and understand inhibition, the targets of specific SR inhibitors and how SRM acclimatize and/or adapt to these stressors.
INTRODUCTION
Sulfate-reducing micro-organisms (SRM) gain energy by coupling the oxidation of organic matter or hydrogen to dissimilatory sulfate reduction (SR). This use of sulfate as a terminal electron acceptor for growth results in the generation of hydrogen sulfide. SR by SRM is a critical component of the global carbon and sulfur cycles. Recent estimates suggest that up to 30 % of the organic carbon flux from the ocean water column to the seafloor is oxidized by SRM [1] . The activity of these microbes is also of economic importance and can be harnessed by certain biotechnological applications. For example, SRM can be used for the immobilization and hence bioremediation of toxic and radioactive heavy metals [2, 3] . In other systems, however, SR is toxic and costly. SRM are implicated in the bio-corrosion of steel and concrete. The petroleum industry is particularly susceptible to these costs; 'sour' oil, i.e. oil contaminated with SRM-produced sulfide, represents a corrosion threat to transportation infrastructure as well as a health threat for workers [4] . As a result of its critical impact on biogeochemistry, its potential applications and its corrosion/toxicity-based economic costs, microbial SR has been extensively studied.
THE SR PATHWAY
Respiratory SRM must overcome the chemical stability of the sulfate ion, which is not readily reduced. In order to achieve this, sulfate is initially activated, at the cost of 2 ATP equivalents per sulfate, to adenosine-5¢-phosphosulfate (APS). This endergonic reaction is performed by the sulfate adenylyltransferase (ATP sulfurylase, Sat) and must be coupled to the exergonic hydrolysis of pyrophosphate by a pyrophosphatase, which pulls the sulfate activation reaction towards APS formation [5] : Fig. 1 provides a summary of the SR pathway outlined above. It is important to note that this pathway functions in dissimilatory SRM, and is coupled to mechanisms for energy conservation. A homologous pathway exists in other prokaryotes and eukaryotes, the assimilatory SR pathway, whereby sulfate is reduced to sulfide and ultimately cysteine [9] . This review draws from research on both assimilatory and dissimilatory enzymes.
DEFINING SPECIFIC INHIBITION
Concomitant with research on SRM and their metabolism has been a long-standing interest in controlling SR in the environment. Specifically, in oil recovery and wastewater treatment scenarios, the impetus for controlling SR is economic and has fuelled research into the inhibition of SRM. The use of general inhibitors (i.e. biocides) in these contexts is suboptimal because SRM subjected to biocides can develop resistance, which would only exacerbate any sulfidogenesis-related problems analogous to the global medical issues associated with widespread rise of antibiotic resistance amongst pathogenic organisms. Conversely, the specific inhibition of SRM can allow for the establishment of a stable non-sulfidogenic community that remains diverse and less likely to rebound to SR [10] .
In microbial ecology, a specific inhibitor is one that targets a particular group of organisms, leaving the remainder of the community unaffected. These inhibitors achieve specificity by targeting an enzyme or pathway that is unique to a group of organisms and central to their metabolism. As such, they are usually structural analogues of the substrate(s) for the enzyme or pathway [11] . For example, 2-bromoethanesulfonate (BES) is a non-active structural analogue of Coenzyme M (CoM), a cofactor found in all methanogens and involved in the final reduction step of methyl-CoM to methane. BES is thus a potent and specific inhibitor of methanogenesis, as are other structural analogues, such as 2-chloroethanesulfonate (CES) [12] .
In the context of SR, specific inhibitors target one or more steps of the SR pathway, and are structural analogues of sulfate, APS or sulfite (Figs 1 and 2) . Molybdate is the classical specific inhibitor of sulfidogenesis, and has been used in a variety of ecological studies since the 1970s [11] . However, other structural analogues of sulfate also exist. In early work, Postgate tested a panel of inorganic oxyanions to identify both monovalent and divalent oxyanion inhibitors of SRM [13, 14] . Since then, several of these compounds have been characterized to varying degrees. However, their exact specificities and mechanisms have not yet been well defined.
There are several complexities in defining 'specific inhibition' [11] . Inhibitors can partially or fully inhibit either or both the growth rate of an organism or the maximum cell [8] .
(1) Import of sulfate, (2) activation of sulfate to APS, via Sat, (3) APS reduction by AprBA, (4) reduction of sulfite by DsrAB -through a DsrC trisulfide -to sulfide. Specific inhibition can occur at (1) and (2) by sulfate analogues, at (3) by APS analogues and at (4) yield. An inhibitor can also 'transiently' inhibit growth (i.e. elongate the lag phase). Adding to this complexity, inhibition can be overcome by adaptation or by rare pre-existing resistant mutants. This is well known in the emergence of microbial resistance to common antibiotics [15, 16] . Another example of this has been previously described for the SRM inhibitor, nitrate. Although 100 mM nitrate is inhibitory to Desulfovibrio vulgaris Hildenborough (DvH), it is a 'transient' inhibitor. After~100 h, DvH resumes normal growth. Moreover, when this culture is sub-cultured in the absence of nitrate, and then transferred back into 100 mM nitrate, it retains robust growth, indicating the rise and outgrowth of spontaneous, nitrate-resistant mutant cells [17] . Specific inhibition entails the ability to demonstrate that other organisms are less affected. This depends both on the SRM and other organism(s) tested, and on the concentration of inhibitor used. The concentration at which 'specific' inhibitors are specific remains elusive, even today.
Finally, inhibition in a community context is much more relevant and still more complex. Inhibitors can be consumed or modified by organisms other than the target organism, or by the abiotic environment itself, leading to an array of indirect effects. For example, perchlorate and nitrate, which are both direct inhibitors of SRM in pure culture, in community contexts show increased potency as a result of turnover by perchlorate or nitrate-reducing microbes that directly compete with the SRM for limiting nutrients and/or produce toxic intermediates, such as nitrite and chlorite [18] [19] [20] [21] [22] [23] [24] [25] . The stability and solubility of inhibitors in natural systems are also critical factors affecting their potency. specific protein and examine the effect of inhibitors on the turnover rate of the substrate, or else directly examine turnover of the inhibitor itself. For SR, most enzymatic studies come not from dissimilatory SRM but rather from prokaryotes and eukaryotes with homologous proteins functioning in the assimilatory pathway. Results from these can be extrapolated to dissimilatory enzymes, but with caution. Furthermore, these studies can only assess the inhibition of one specific target; if an inhibitor targets more than one enzyme, then measurements gathered from enzymatic studies are incomplete.
MEASURING INHIBITION
To capture the complete range of targets of an inhibitor, whole-cell studies are optimal. These are mostly performed in pure cultures of a handful of select SRM (most often Desulfovibrio species) [13, 14, 26] . The model SRM is exposed to one or several concentrations of inhibitor, and the resulting growth, electron donor consumption, sulfate consumption or sulfide production is measured and compared to an uninhibited control. Specificity, when assessed, is determined by comparing inhibition of SRM to inhibition of non-SRM model organisms, for example Escherichia coli [27] .
Advances in high-throughput cultivation of SRM has enabled more fine-scale dose-response assays. For example, Carlson et al. devised a screen to quantitatively assess both the potency and the selectivity of SRM inhibitors [10, 28, 29] . Panels of putative or established inhibitors were screened against both a model SRM, Desulfovibrio alaskensis G20 (G20), and a sulfidogenic marine enrichment culture. Inhibitors were also screened over a range of concentrations, in order to construct full dose-response curves. These dose-response curves allowed for the generation of an IC 50 value: the concentration of compound necessary to inhibit 50 % of growth or sulfidogenesis in 48 h growth assays. For each inhibitor tested against the marine enrichment culture, one IC 50 was calculated against total growth of the community and a second IC 50 was calculated against sulfide production (by the native SRM fraction of the community). Thus, the inhibitory potency of a compound against the community as a whole could be compared with that against the sulfidogenic fraction specifically. If a compound inhibited sulfidogenesis at a lower concentration than the concentration required to inhibit overall growth, it was classified as a specific inhibitor of SRM. These specific inhibitors were further ranked by their specificity, via a selectivity index (SI: growth IC 50 /sulfide IC 50 ) (Fig. 3) . Molybdate and tungstate, the most specific inhibitors, had SI values of over 100, i.e. they were >100-fold more potent against SRM than against the microbial community as a whole. The general biocide, tetrakis(hydroxymethyl)-phosphonium sulfate (THPS), conversely, had the same IC 50 against both growth and sulfidogenesis, as expected for a non-specific inhibitor.
This methodology tackles several of the above-mentioned issues: it uses both a pure culture SRM as well as a complex sulfidogenic community, which tests environmentally relevant SRM in environmentally relevant conditions, while also allowing specificity to be quantified via the SI. Furthermore, as opposed to testing one or two concentrations of inhibitor, 12 concentrations were tested in order to fully define a dose-response curve. Inhibition was also validated using both qPCR and 16S rRNA amplicon sequencing. Finally, this approach was performed at high throughput: initial screens against the model SRM G20 were done in 384-well plates, allowing Carlson et al. to rapidly screen the entirety of both the Microsource Pharmakon Collection (1920 compounds) and the ChemBridge Premium Diversity Collection (30 000 compounds). This screen could be expanded to multiple model SRM and sulfidogenic enrichment communities, for a more thorough quantification of the diversity of potency and specificity of potential inhibitors. [10, 28] The most specific inhibitors of SR, molybdate and tungstate, were also the most potent, with IC 50 values against sulfide production of a marine enrichment culture in the low micromolar range. Interestingly, the potency of some inhibitors tested differed by up to 10-fold, depending on the SRM used: even within the genus Desulfovibrio, the IC 50 for chlorate ranged from 6.3 mM Fig. 3 . A screen for identifying specific inhibitors of SR and quantifying a selectivity index (SI) [10, 29] . Sulfidogenic enrichment cultures were subjected to serial dilutions of inhibitors and allowed to grow for 48 h. Totally community growth and sulfide production were measured across the gradient of inhibitor concentrations and used to generate dose-response curves. The SI is defined as the ratio of the IC 50 against growth to the IC 50 (95 % CI: 4.9-8.0) against G20 to 58 mM (95 % CI: 48-71) against D. desulfuricans ATCC 27774. Moreover, most inhibitors had higher potency in a community setting. At least in some cases (e.g. perchlorate) this was not due to turnover of these compounds, as no depletion was measured [28] . These observations further emphasize the need to quantify both the potency and the specificity of inhibitors across a wider diversity of SRM isolates and sulfidogenic communities.
UNDERSTANDING MECHANISM
Nitrate and nitrite, and more recently chlorate and perchlorate [collectively (per)chlorate], are the main SR inhibitors that have been mechanistically characterized. Transcriptomic and proteomic techniques have been helpful in establishing the stress-response of Desulfovibrio species upon exposure to these inhibitors [28, [30] [31] [32] [33] [34] [35] . However, bacteria may regulate gene expression sub-optimally, i.e. respond to indirect signals, with multiple stressors often initiating the same response. There is sometimes little correlation between the importance of a gene for fitness in a given condition and its expression pattern [36] .
Fitness profiling via transposon (TN) insertion libraries is a useful tool for probing the mechanism of inhibition [37] . This method entails the creation of thousands of barcoded TN insertion mutants, such that each mutant has one barcoded inactivated gene and the population as a whole thus contains inactivated versions of every non-essential gene in the organism's genome. Subsequent growth on a stressor is used to profile the fitness of all mutants en masse. Mutants with TN insertions in a gene detrimental to growth under the stressor will grow more than average. Conversely, mutants with insertions that disrupt the function of a gene that is beneficial under the stress will grow poorly. By comparing the frequency of mutants, via their barcodes, preand post-stress, researchers can readily identify genes that are important or detrimental for growth under the stressor. This tool exists for three separate Desulfovibrio species (DvH, G20 and D. vulgaris Miyazaki) and, as will be discussed in subsequent sections, has been successfully used to understand the mechanism of toxicity of several stressors (nitrate, perchlorate, chlorate and monofluorophosphate) [10, 17, 28] .
One specific TN insertion mutant in G20 has been particularly useful for mechanistically distinguishing between classes of inhibitors. The rex::TN5 mutant has an insertion in the Rex repressor and, as a result, overexpresses the Rex regulon, which includes core genes for the SR pathway, such as sat. Regulation via Rex, and its impact on inhibition will be addressed subsequently. Relevant to this discussion, however, is the use of the rex::TN5 mutant for preliminary insight into the mechanism of action of inhibitors. If rex:: TN5 is more resistant than the wild type, then the stressor probably competitively inhibits one or more enzymes of the central SR pathway [10, 28] , and thus overexpression of this pathway confers resistance. In this way, rex::TN5 can be used as a first-pass tool when analysing mechanism [29] .
A similar 'first-pass' screen for mechanism comes from the field of toxicology and consists of evaluating interactions (synergy/antagonism) between pairs of inhibitors [10, 28] . Two inhibitors with the same target will probably be additive or antagonistic, i.e. the combined effect of both inhibitors together will be less than the more potent inhibitor alone. Inhibitor pairs targeting distinct enzymes are likely to be synergistic; the combination will exceed the additive effect of each inhibitor [38, 39] . Determining interactions between pairs of inhibitors has several additional benefits: in natural systems, these compounds are often found in combinations and hence their activity in isolation is less relevant than their activity in a mixed cocktail of compounds. Moreover, synergistic interactions enhance the potency and can enhance the selectivity of inhibition, and hence have a practical value [40, 41] .
Adaptive laboratory evolution (ALE) is a complementary approach to TN-based fitness profiling. Unlike fitness profiling, ALE has the ability to capture a wider array of mutations conferring a fitness advantage (e.g. single point mutations in essential genes) and can hint at gene targets of inhibition that have been missed by fitness profiling. Both fitness and ALE approaches are currently restricted to pure cultures of SRM, but would be informative in a community context.
The remainder of this review will aim to summarize all research to date pertaining to the specific inhibition of SR and, where relevant, the methodologies and approaches used to gain mechanistic insight. The review is organized by the steps in the SR pathway (see Fig. 1 ): from transport of sulfate into cells, through sulfate activation, to the subsequent reductions to sulfide.
DISSECTING THE INHIBITION OF SR Sulfate transport
Transport of the sulfate anion is the first step in both the assimilatory and the dissimilatory SR pathways. Several classes of sulfate transporters, and a large diversity therein, exist to accomplish this critical function. The few systems that have been functionally characterized are primarily from sulfate-assimilating prokaryotes and eukaryotes [42] [43] [44] [45] [46] . Sulfate transport in dissimilatory SRM has been largely neglected in recent years, with the last physiological studies pertaining to transport dating back to the 1990s [6, 7, [47] [48] [49] . These studies highlighted the complexity and redundancy of sulfate transport in SRM -establishing the existence of a dual transport system. High-affinity transporters, which can concentrate sulfate up to 10 000-fold, are expressed under sulfate limitation and repressed under conditions of excess sulfate. Low-affinity, low-accumulating systems appear to operate when sulfate concentrations exceed 1 mM. These systems allow dissimilatory organisms to transport sulfate efficiently, at a relatively low cost (symport with two or three protons or sodium ions), and at different environmental concentrations of sulfate. More recently, Desulfobacterium autotrophicum was shown to differentially express certain sulfate transporters at high (15 mM) sulfate concentrations, others only at low (<100 µM) concentrations, and yet others independently of media sulfate concentrations [50] . Moreover, some transporters were localized in operons with numerous sensory and regulatory elements, hinting at their tight regulation, whereas others were not, perhaps indicative of constitutive expression. This diversity of transport systems across SRM has been recently systematized using a comparative genomics approach [51] . The following section will aim to provide a brief review of transporters relevant to dissimilatory SRM and their specificity. For a more broad overview of sulfate transport across the three domains of life readers are encouraged to refer to several recent reviews [42, 43, 46] .
Dissimilatory is different
Most of our knowledge on sulfate transport comes from assimilatory organisms, where sulfate transporters of the SulT family dominate (TCDB 3.A.1.6). These ABC transporters consist of a sulfate (or thiosulfate) binding protein (Sbp), which determines the specificity of the transporter, as well as a membrane protein and an ATP-binding protein.
Together these couple the hydrolysis of ATP to sulfate transport [52] . SulT transporters were assumed to exist in dissimilatory organisms as well and there are examples of transporters annotated as SulT-type across SRM genomes. However, comparative genomics found no evidence of SulT-type transporters across the phylogenetic diversity of sulfate-reducers [51] . This probably reflects real differences in assimilatory vs. dissimilatory SR: assimilatory SR requires a low but specific and unidirectional influx of sulfate, for use as an S source. Coupling import to ATP hydrolysis ensures irreversible transport. Dissimilatory SR, conversely, requires a much higher influx of sulfate. Furthermore, the energy yield from this metabolism is low: if ATP were used for transport, the theoretical net ATP yield of SR would be zero. Indeed, inhibiting ATP-dependent transport in SRM has no effect on sulfate transport [6] . Instead, four classes of ATP-independent transport machinery exist: SulP, DASS, CysP and CysZ (Fig. 4a) two sulP; however, SulP is not essential for dissimilatory SR as it was absent from all archaeal SRM genomes examined as well as several mostly thermophilic sulfate-reducing bacteria [51] . Furthermore, in DvH, G20 and Desulfovibrio vulgaris Miyazaki, all SulP are non-essential and support TN insertions [53] [54] [55] .
The DASS family transporters usually function as low-affinity transporters (i.e. they are used at high sulfate concentrations) in prokaryotes and seem to be general oxyanion transporters. The PerO permease from Rhodobacter capsulatus was shown to import sulfate as well as the sulfate analogues molybdate, tungstate and vanadate [56] . Moreover, perO genes from five species (Agrobacterium tumefaciens, Dinoroseobacter shibae, Rhodobacter sphaeroides, Sinorhizobium meliloti and Pseudomonas stutzeri) can all complement sulfate uptake in sulfate-uptake deficient mutants of R. capsulatus [57] . In the SRM Desulfobacterium autotrophicum, several DASS family transporters are present and differentially regulated depending on the external sulfate concentration [50] .
The CysP family contains only one characterized member. Overexpression of the Bacillus subtilis CysP can complement sulfate transport in transport-deficient mutants of E. coli, confirming its function [58] . In SRM, CysP permeases seem to be of particular importance in thermophilic isolates as the majority of the thermophilic genomes analysed lack SulP and DASS-type transporters [51] .
The CysZ-type permease is part of the TSUP family, and has been functionally characterized as a high-affinity sulfate transporter in Corynebacterium glutamicum [59] . The only other characterized CysZ is from E. coli [60] . Interestingly, TSUP family proteins are highly abundant across SRM genomes (eight per genome on average), although no predictions can be made as to their function. In two out of the 44 SRM genomes surveyed (Ammonifex degensii and Desulfohalobium retbaense) the only putative sulfate transporters identified were from this family, suggesting either that novel sulfate transport mechanisms are present or that CysZ can function as the primary sulfate permease [51] .
The specificity and inhibition of transport Divalent oxyanions (chromate, molybdate, tungstate, selenate) are structurally analogous to sulfate. As a result, they compete with sulfate for transport machinery. Studies quantifying sulfate transport in SRM have been scarce and, to our knowledge, the most recent work dates back to the early 1990s (Table 2 ). In DesulfobuIbus propionicus and Desulfococcus multivorans, selenate, thiosulfate and chromate were able to release accumulated 35 S-sulfate from cells, whereas molybdate and tungstate had insignificant effects [7] . Similarly, in Desulfovibrio desulfuricans strain CSN, the uptake of sulfate was unaffected by molybdate or tungstate, whereas chromate and selenate strongly inhibited this function [6] .
More is known about assimilatory sulfate transport. Table 2 presents biochemical evidence for sulfate transport through microbial and plant sulfate transporters of different classes.
The SulP family is the best characterized of the sulfate transporter families present in SRM. The Mycobacterium tuberculosis SulP, when heterologously expressed in E. coli, increases sulfate uptake. However, selenate, thiosulfate, sulfite and, to a lesser degree, molybdate inhibit this uptake. Several SulP genes from yeasts and plants were identified by screening for selenate or chromate resistance, highlighting the 'leakiness' of these permeases [61, 62] . Arabidopsis thaliana mutants in SulP show decreased sulfate uptake but also decreased selenate uptake and hence increased resistance to this toxic substrate [63, 64] . The Stylosanthes hamata SulP homologue expressed in yeast can transport molybdate, which when present in an equal concentration to sulfate causes a 48 % decrease in sulfate uptake.
Studies addressing the specificity of the other three transport families are rare. The B. subtilis CysP can transport chromate, as evidenced by the enhanced sensitivity to chromate in E. coli cysteine auxotrophs expressing this permease [58] . Similarly, CysZ mutants of E. coli are resistant to chromate (and deficient in sulfate transport) [65] . DASS-family transporters appear to be more general as well: the recently characterized PerO permease from R. capsulatus as well as homologues from several other micro-organisms can mediate molybdate, tungstate, vanadate as well as sulfate uptake [56, 57] .
The research summarized above supports two general conclusions: first, sulfate analogues can leak into SRM via the sulfate-transport machinery, and once inside the cell they can have further negative consequences. Second, import of sulfate analogues can result in decreased sulfate import, because the analogues compete with sulfate for the same transporters. Decreased transport could be inhibitory to SRM, regardless of any potential downstream effects.
An aside: molybdate and tungstate-specific transport Molybdenum and tungsten, found most often as the soluble oxyanions molybdate and tungstate, are required trace elements for many organisms, present as cofactors in metalloenzymes. As such, organisms have several high-affinity ABC transport systems to scavenge low concentrations of molybdate and tungstate [42] . Three such systems of varying specificity have been described: ModABC, TupABC and WtpABC [42, 66] . These transporters are composed of a periplasmic component (ModA/TupA/WtpA) which binds the specific oxyanion, a transmembrane channel (ModB/ TupB/WtpB) and a cytoplasmic ATP-binding protein (ModC/TupC/WtpC). They are all tightly regulated: Mod-ABC is regulated by ModE, which binds molybdate and tungstate with high specificity (it does not bind phosphate, sulfate or vanadate). This system can uptake nanomolar concentrations of molybdate and tungstate but is repressed at higher molybdate concentrations.
In SRM, tungstate and molybdate are required for many enzymes involved in energy transduction and hence are stimulatory at nanomolar concentrations, but as discussed [99]
Saccharomyces cerevisiae
Selenate/chromate Selenate-resistant mutants allowed the identification of two sulfate permeases; sulfate uptake deficiency and selenate resistance in double mutants.
[61]
Arabidopsis thaliana Selenate A lesion in SulP (SULTR1;2) caused an eight-fold increase in selenate resistance (LS50, the concentration causing a 50% decrease in root length compared to the control, increased from 1.5 mM for the wild type to 12.7 mM in mutant plant). This mutant has also reduced 35 S-sulfate uptake, and allowed less selenate to leak into cells (i.e. increased sulfate/selenate ratio).
[64]
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Selenate (20 µM) and chromate (40 µM) Resistance to selenate caused by lesions in SulP. Mutants were deficient in sulfate transport. [ 
63]
Arabidopsis thaliana Selenate Sultr1;1 and Sultr1;2 double mutant showed a drastic decrease in sulfate uptake and significant increase in selenate resistance [ 
100]
Stylosanthes hamata SulP (SHST1) in yeast [66] . TupA from G20, which controls the specificity of transport, can bind tungstate (with higher affinity) and molybdate but does not bind sulfate, phosphate or perchlorate [67] . Moreover, both mod and tup G20 genes are downregulated at either 1 µM molybdate or 10 µM tungstate [68] . Hence, molybdate/tungstate import is again highly regulated. Although ModE homologues do not exist in DvH, recently a tungstate responsive regulator (TunR) was identified in many SRM. Low (0.3 µM) concentrations of tungstate are sufficient to stop TunR-dependent activation of ModABC [69] . Thus, these high-affinity systems probably do not play a role in inhibition; over millions of years of evolution, SRM have fine-tuned these transport systems such that they do not pose a problem at higher molybdate/tungstate concentrations. Interestingly, a second group of TunR family regulators, TunR2, is hypothesized to respond to tungstate and molybdate by de-repressing TSUP and SulP sulfate transporters, perhaps in an attempt to overcome inhibition by these compounds through increased sulfate uptake [69] .
Monovalent oxyanions: the nitrate example
The above section detailed the non-specific uptake of divalent oxyanions by systems intended for sulfate transport. However, monovalent oxyanions such as nitrate, perchlorate and chlorate are also toxic to SRM. How do these compounds leak into cells? It is possible, and likely, that several of these compounds enter through the sulfate-transport machinery.
Nitrate is the most extensively studied monovalent oxyanion inhibitor of SRM, and nitrate stress has been characterized in pure cultures of DvH and G20 [17, 28, 70] . Although, initially, nitrate inhibition was attributed to lowlevel nitrite production, with nitrite being the causal stressor, it has since been shown that nitrate and nitrite act separately. Transcriptomic and proteomic approaches have shown few similarities in the response to nitrate vs. nitrite stress and DvH was recently shown to be incapable of nitrite production from 100 mM nitrate [31, 33, 70] . Fitness profiling has further defined the mechanism of inhibition: a cluster of genes referred to as the 'nitrate cluster' comes up across fitness pools in DvH, G20 and Desulfovibrio vulgaris Miyazaki [17, 28, 55] . Mutants with insertions in DVU0246 (Dde_0604, pyruvate-phosphate dikinase), DVU0247 (Dde_0603, CheY-like response regulator, receiver domain), DVU0250 (Dde_0600, hypothetical protein) and DVU0251 (Dde_0598, DUF81/CysZ-type permease) all grow with identical kinetics with and without 100 mM nitrate, a concentration completely inhibitory to the control strain [17] . Table 3 ). Assimilatory prokaryotic and eukaryotic Sat functions as part of the pathway for sulfur recruitment; in dissimilatory prokaryotes, Sat functions in sulfate respiration; in sulfide-oxidizing bacteria, Sat functions in the reverse direction as part of the sulfide oxidation pathway. The structural and sequence diversity of Sat is vast, depending on the organism in which it is found [71, 72] . In the dissimilatory SRM Desulfovibrio desulfuricans ATCC 27774 and Desulfovibrio gigas, Sat exists as a homotrimeric metalloprotein [73] . Key residues in the substrate binding site of Sat are surprisingly conserved, given that the enzyme probably originated prior to the divergence of prokaryotes and eukaryotes [72] .
Alternative substrates: APS analogue half-life dictates toxicity Sat is also conserved in its promiscuity towards other inorganic divalent oxyanions (Fig. 4b) mechanism of inhibition of these alternative substrates in SRM, and probably explains why they are potent inhibitors even at low micromolar concentrations.
Selenate, on the other hand, forms a semi-stable APS analogue, APSe, with a half-life on the order of minutes [74, 75] . Taylor and Oremland quantified ATP pools under selenate stress to be 54-83 % of controls, rendering its ATPdepleting effect most minor of the oxyanions tested [27] . This is probably a combination of a slower selenate turnover by Sat compared with other oxyanions, as well as APSe being more stable, enough so to be detected [76] .
Apart from sulfate, monofluorophosphate is the only alternative substrate known to form a stable analogue (ADPbF), and hence the mechanism of inhibition here is different [77] . The downstream reactions and effects of ADPbF remain unknown, but it is hypothesized that intracellular release of the toxic fluoride ion is a component of the mechanism of inhibition. This is supported by the fact that a fluoride efflux pump TN mutant (Dde_2107:: TN5) displays increased specific sensitivity to both fluoride (at 30 mM) and monofluorophosphate (1 mM) as compared to the wild type [10] . 
Monovalent oxyanions: dead-end inhibitors
In contrast to divalent oxyanions, monovalent oxyanions (nitrate, chlorate and perchlorate) do not serve as substrates for Sat (Fig. 4b) . Although they can fit in the sulfate-binding pocket, they do not have a fourth oxygen (perchlorate does not have a sufficiently electronegative fourth oxygen) for catalysis to occur [74] . Thus, these inhibitors bind the enzyme-ATP complex but are not turned over, and hence they are termed 'dead-end' inhibitors. These compounds inhibit the activity of Sat by preventing sulfate binding and turnover; hence, SRM grown fermentatively or with sulfite (growth that bypasses Sat) are more resistant to these inhibitors [10] . They are often referred to in the literature as being competitive with sulfate [75, [78] [79] [80] . More recently, the yeast Sat was crystallized with chlorate, bound at a different site (not the sulfate-binding pocket), and instead of acting as a competitive inhibitor, prevented movement of the enzyme back to the 'open' state/release of the products [81] . Regardless of the mechanism, monovalent oxyanions have been shown Dead-end inhibitors (monovalent oxyanions)
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[75] to be inhibitory to Sat function across a diversity of organisms, with perchlorate/fluorosulfonate/chlorate being consistently more potent inhibitors compared to nitrate (for a summary, see Table 3 ). This mirrors whole-cell patterns: perchlorate and chlorate are more potent inhibitors of Desulfovibrio species in pure culture as compared to nitrate (IC 50 values of 14-50 mM, 4-58 mM and 32-104 mM respectively) [28] . The higher IC 50 values as compared to K i values probably result from minimal entry of dead-end inhibitors into the cytoplasm.
Case study: insights from adaptive laboratory evolution Recently, G20 was adapted to 100 mM perchlorate, with the aim of finding the specific targets of this inhibitor [82] . The resulting adapted strain contained a substitution within the Sat, causing a non-synonymous mutation in a conserved residue (sat 709T>G/Sat S237A). This mutation arose across 10 independently adapted populations of G20. Purification and biochemical characterization of the mutant and wild type protein revealed that the mutation increased the K i of Fig. 4 . Sulfate analogues compete with sulfate for entry into the cell and activation via Sat. (a) The four classes of ATP-independent sulfate transporters present in SRM, and sulfate analogues known to leak into cells through these systems. Adapted from [42] . the enzyme approximately three-fold, mirroring the threefold increase in whole-cell resistance. Interestingly, this mutation conferred increased resistance across several inhibitors/alternative substrates of Sat (nitrate, monofluorophosphate and molybdate). Recreating the mutation in DvH also led to increased resistance. This provides concrete evidence that Sat is a primary target of perchlorate inhibition in SRM and also that a single substitution, which has a negligible effect on the kinetic properties of the enzyme in the absence of inhibitor, can dramatically enhance resistance to specific inhibitors.
APS and sulfite reduction
The activated APS molecule is reduced to sulfite and AMP via APS reductase (aprBA). Although dissimilatory APS reductases from several SRM have been purified [83] and two have been crystalized (from Archaeoglobus fulgidus and Desulfovibrio gigas), very little information exists on APS analogues or on the inhibition of this enzyme. What is known, again, comes from the assimilatory APS reductase (APSR). APSR from Mycobacterium tuberculosis is required by the latent phase of tuberculosis infection. As such, it is a potential drug target, and has received attention from the field of medicinal chemistry [84] . Cosconati et al. used a 3D crystal structure of the Pseudomonas aeruginosa APSR with APS substrate to virtually screen the National Cancer Institute Diversity Set for ligands that would be inhibitory to this enzyme [85] . The screen yielded 39 compounds, which were biochemically tested and five of which showed inhibition of APSR activity of >50 %. One hit, '348401', caused a 90 % reduction in APSR activity. A second round of screening yielded another set of compounds, 40 of which were biochemically characterized. Five of these had dissociation constants (K d ) of <50 µM, with one APS analogue, the most potent inhibitor, having a K d of <10 µM. Hong et al. used a different approach. They defined ligand binding determinants critical for enzyme-APS interaction by synthesizing and testing APS analogues with key modifications [86] . Thus, they were able to identify a critical set of features for the rational design of APSR inhibitors. More of this research is expected, as a recent review by Campanini et al. highlighted the value of targeting key metabolic functions of pathogens, such as cysteine biosynthesis/sulfate assimilation, to increase the efficiency of antibiotic treatment [87] . However, whether these APS reductase inhibitors will have similar inhibitory effects in SRM, and whether they will show specificity to sulfidogenesis in environmental systems remains completely unaddressed.
The last step of the SR pathway is the reduction of sulfite to sulfide by dsrAB. Nitrite is the only sulfite analogue studied extensively in SRM and considered for practical application. Enzymatic characterization of desulfoviridin, the dissimilatory sulfite reductase (Dsr) from DvH, shows that it can bind and slowly reduce nitrite, with a K m of 0.028 mM and a k cat of 0.038 mol NO 2 À /sÁmol haem. In contrast, the K m and k cat for sulfite are 0.06 mM and 0.31 mol NO 2 À /sÁmol haem [88] . DvH can also use dsrAB to reduce low levels of nitrite for use as a sole nitrogen source supporting growth [70] . Dsr being the primary target of nitrite inhibition is further evidenced by the intrinsic nitrite resistance of DvH: 0.04 mM nitrite is required to inhibit growth of single cells into colonies on plates. This is markedly similar to the K m of Dsr for nitrite [32] . DvH inhibition by 1 mM nitrite can be completely alleviated by the addition of 5 mM sulfite, implying that nitrite is competitive with sulfite [70] . Thus, the evidence suggests that nitrite is an alternative substrate of Dsr, competing with and preventing sulfite reduction to sulfide.
Importantly, many SRM can grow by nitrate or nitrite reduction in addition to sulfate reduction [89] . Moreover, SRM can use nitrite as a sole nitrogen source [70] . This reduction is accomplished via the periplasmic ammonifying NrfHA nitrite reductase. DvH can use subinhibitory concentrations of nitrite both as a sole nitrogen source and as a terminal electron acceptor supporting growth [70] . An DnrfA mutant, however, cannot use nitrite as an electron acceptor, indicating that Nrf is the reductase responsible for this growth [70] . The native function of Nrf, however, is likely to protect SRM from inhibition by nitrite. In contrast to a DnrfA mutant of DvH, the wild type strain can grow in 5 mM nitrite after a 1-2 h lag and can completely reduce the nitrite [32] . The Nrf from D. desulfuricans 27774 has a K m for nitrite of 1.4 mM [90] , suggesting that Nrf probably functions in the millimolar range of nitrite. Thus, in SRM, Nrf likely protects the cells from millimolar amounts of nitrite via rapid nitrite reduction to ammonium. Depending on the duration of exposure, this strategy may fail as it diverts electrons from sulfate reduction to periplasmic nitrite reduction. Furthermore, nitrite reduction, whether by Dsr or Nrf, may result in small quantities of nitric oxide (NO) formation. NO can react with metal ions and nitrosylate 4Fe-4S clusters of proteins. SRM D. desulfiricans 27774 has a two-fold approach for dealing with nitrosative stress: upregulation of genes for scavenging NO, such as hcp, and upregulation of systems for repairing proteins, such as YtfE orthologue Ddes_1165 [91] .
Regulation via rex and inhibition SRM are metabolically flexible and diverse, performing sulfidogenic, fermentative and syntrophic metabolisms [92] . This flexibility necessitates regulation of sulfate reduction genes, a task performed by the redox-sensitive Rex repressor [93, 94] . Rex responds to intracellular NADH/NAD + ratios. When NADH/NAD + is high (limiting sulfate/excess reducing equivalents), Rex binds NADH, causing it to lose the ability to bind DNA and hence de-repress its regulon, which consists of several genes essential for sulfate respiration, including sat, qmoABC and pyrophosphatase [93, 94] .
Using fitness profiling in both DvH and G20, rex has been identified as a key gene detrimental to nitrate and (per)chlorate stress. deactivates Rex, leading to de-repression of the rex regulon and hence increased expression of sat and other key respiratory enzymes. Increasing the number of Sat enzymes and sulfate symporters relieves the competitive inhibition imposed by perchlorate/nitrate. Thus, rex::TN5 mutants display increased resistance to these compounds. In contrast, rex::TN5 shows no resistance or increased sensitivity to alternative substrates of Sat, resulting from increased turnover/entry of these compounds into cells [28] .
Further evidence for the importance of Rex regulation comes from wild type G20 subjected to sublethal doses of these inhibitors. Mid-log phase cultures of cells exposed to (per)chlorate and nitrate show increased NADH/NAD + ratios when compared to un-inhibited controls [28] . Moreover, the presence of these inhibitors induces upregulation of the Rex regulon, as quantified on a transcript and protein level [28] . These compounds probably inhibit Sat and respiration, leading to an accumulation of NADH and subsequent de-repression of the Rex regulon. This, in turn, increases protein levels of Sat, sulfate transporters and other core enzymes, and partially alleviates the effects of inhibition. As a result, G20 cells pre-grown on (per)chlorate or nitrate (i.e. de-repressed Rex) show increased resistance to all three of these inhibitors in subsequent transfers [28] .
Other targets
Molybdate is a known specific inhibitor of SR that targets sulfate import and Sat, which causes a depletion of intracellular ATP pools, as discussed in the above sections. However, recent work by Zane and colleagues has shown that molybdate may have additional targets in the model SRM, DvH [95] . A Dsat strain of DvH was constructed and phenotyped in fermentative media with molybdate. This strain should be resistant to molybdate under these conditions because (1) there is no sulfate and hence molybdate cannot interfere with sulfate transport, and (2) there is no Sat, and hence no turn-over of molybdate and subsequent depletion of ATP pools. However, the Dsat strain retained sensitivity to molybdate. Current efforts are underway to characterize targets of molybdate in this strain, using adaptive laboratory evolution combined with whole-genome sequencing of the molybdate-adapted, Dsat strains (G. M. Zane, personal communication).
Other potentially specific inhibitors of SR with unknown targets have been identified via a recent high-throughput screen of >30 000 small molecules [29] . Several of the compounds discovered were antibiotics selective against Gramnegative bacteria (ciprofloxacin, clinafloxacin and nalidixic acid). The specificity seen here may result from the screen performed where specificity was assayed as the ratio of IC 50 for overall community growth of a marine enrichment to the IC 50 for sulfidogenesis of the enrichment (see 'Measuring inhibition' section above). The dominant SRM in this community were Desulfovibrio species (Gram-negative), while the dominant fermentative (non-SRM) organisms were Gram-positives (Firmicutes); hence, Gram-negative selective antibiotics may have artificially appeared to be 'specific' against SRM. Interestingly, the most specific inhibitor identified was lincomycin, although the basis for this specificity was unresolved. Some less specific but very potent inhibitors of sulfidogenesis included nitroimidazoles, which have known selectivity against anaerobes [96, 97] . The most potent inhibitor of sulfidogenesis identified was zinc pyrithione. The mechanism of action here was linked to both zinc/copper toxicity and pyrithione, which can act as a chelator, transporting these toxic metals into the cytoplasm. For all compounds identified in this screen, the precise mechanisms, targets and actual specificities remain to be validated across the diversity of SRM and sulfidogenic communities.
CONCLUSIONS AND FUTURE PERSPECTIVE
Understanding the specific inhibition of SRM is critical across applied and theoretical pursuits, in both natural and engineered systems. Specific inhibitors have industrial applications for treating costly sulfidogenesis, and are also tools for probing the ecological and physiological functioning of SRM. The success of these applications depends on a thorough understanding of specific inhibition. This review has aimed to highlight our current understanding of SR inhibitors: how we define and measure inhibition, and how we gain mechanistic insight into its targets.
Sulfate analogues compete with sulfate for entry into cells (via sulfate transport machinery) and activation to APS (via Sat). If activated into an unstable APS analogue, toxicity is mainly attributed to ATP depletion (e.g. molybdate and tungstate). Monofluorophosphate, conversely, forms a stable analogue and toxicity may be at least partially attributed to intracellular fluoride release. If Sat cannot turn over a sulfate analogue, then inhibition is of a competitive nature, and increasing transcription and translation of the Rex regulon can increase resistance [e.g. the case for nitrate and (per) chlorate]. Other specific inhibitors, such as selenate, tellurate and vanadate, remain mechanistically uncharacterized. APS and sulfite analogues are rare across the literature, and their identity and effects remain largely unknown. Nitrite is the exception here, with nitrite toxicity to Dsr being easily overcome in certain SRM, via periplasmic nitrite reductases. Finally, completely new to the field is the idea that SR-specific inhibitors may have 'alternative' targets, outside of the SR pathway.
Although SRM have been extensively studied, their specific inhibition leaves many unanswered questions. There is an obvious lack of quantification with regards to the concentration of inhibitor needed to maintain 'specificity'. Indeed, without this critical information, it is impossible to use SRspecific inhibitors as either ecological tools or to control sulfidogenesis in the environment. Investigating specificity necessitates understanding inhibition in an ecological context, which again has practical benefits, and may shed light on why SRM seem more resistant in pure culture as compared to in sulfidogenic communities. The determinants of potency also remain unknown: why are certain SRM more resistant to certain inhibitors? Differences in sulfate transport may explain some of the differences in sensitivity. Sulfate transport in SRM is the least studied component of the SR pathway, and perhaps the one that differs most significantly among SRM. Whether or not this results in differences in resistance remains to be investigated. Future research should aim to experimentally describe sulfate transport systems in SRM, their affinity towards sulfate vs. sulfate analogues, and their regulation, all of which can impact the potency of inhibition. Moreover, insights into sulfate transport would improve our ability to harness SRM for remediation efforts. Finally, continuing to probe the mechanism of inhibition (with emphasis on 'alternative' targets) using fitness-profiling, ALE and other approaches will increase our basic understanding of this metabolism and its importance. With a greater understanding of SR inhibition will hopefully come an improved and wider application of SR inhibitors across areas of human and environmental health.
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